Abstract In this paper, the oxidative desulfurization (ODS) system is directly applied to deal with the catalytic oxidation of sulfur compounds of sulfur-containing model oil by dielectric barrier discharge (DBD) plasma in the presence of air plus an extraction step with the oxidation-treated fuel put over ionic liquid [BMIM]FeCl4 (1-butyl-3-methylimidazolium tetrachloroferrate). This new system exhibited an excellent desulfurization effect. The sulfur content of DBT in diesel oil decreased from 200 ppm to 4.92 ppm (S removal rate up to 97.5%) under the following optimal reaction conditions: air flow rate (v) of 60 mL/min, amplitude of applied voltage (U ) on DBD of 16 kV, input frequency (f ) of 79 kHz, catalyst amount (ω) of 1.25 wt%, reaction time (t) of 10 min. Moreover, a high desulfurization rate was obtained during oxidation of benzothiophene (BT) or 4,6-DMDBT (4,6-dimethyl-dibenzothiophene) under the aforementioned conditions. The oxidation reactivity of different S compounds was decreased in the order of DBT, 4,6-DMDBT and BT. The remarkable advantage of the novel ODS system is that the desulfurization condition applies in the presence of air at ambient conditions without peroxides, aqueous solvent or biphasic oil-aqueous solution system.
Introduction
Sulfur-containing compounds are undesirable in diesel fuels because SO x emission results in air pollution. SO x emission, the major source of acid rain, also lowers the efficiency of catalytic converters used to reduce CO and NO x emissions [1] . Deep desulfurization of transportation fuels has drawn considerable interest in recent decades because the sulfur limits for these fuels have been gradually lowered and regulations limiting S content in fuel oils have been implemented worldwide, e.g., for diesel fuel, the S content limit should be reduced to 10 ppm [2] . The conventional hydrodesulfurization (HDS) technique sets several limitations in treating sulfurcontaining aromatic hydrocarbon compounds such as the refractory sulfur compound dibenzothiophene (DBT) or its derivatives with one or two alkyl groups [3] . Therefore, new approaches to ultra-deep desulfurization of liquid hydrocarbon fuels must be developed. Oxidative desulfurization (ODS) combined with extraction is considered a potential approach because the process can remove refractory sulfur compounds under ambient conditions and avoids the use of hydrogen [4, 5] . Many oxidative desulfurization systems have been explored, including [9] . However, the majority of the reported ODS systems use oil-insoluble oxidants, H 2 O 2 or peroxides, which require water in the reaction to form a biphasic oil-aqueous solution system. This biphasic system limits the mass transfer through the biphasic interface during oxidation and oil phase recovery [10, 11] . Dielectric barrier discharge (DBD) is a method of plasma generation, which can be produced at atmospheric pressure and is widely used in industrial preparation of ozone because of its low cost of production, high efficiency and other advantages [12] . Plasma desulfurization in gas phase has demonstrated interesting results [13, 14] , the degree of desulfurization can be improved when air is added to the plasma. Plasma reaction in liquid phase is markedly superior to plasma reaction in gas phase because cool liquids rapidly quench the primary products and may avoid and/or suppress consecutive reactions [15] . DBD plasma reportedly promotes good oxidation for many oxidation reactions at ambient conditions [16∼18] . This property can instantaneously form a strong electric field and produce nonthermal plasma, which contains a significant amount of cation, anion (O 2− ), ozone (O 3 ), free radicals (·OH, ·H, ·HO 2 ) active oxygen (·O) and NO x in the presence of air or molecular oxygen. NO x is a harmful by-product in the DBD reactor [19] . Active species hydroxyl radicals and reactive oxygen, especially ozone, are potentially ideal oxidants for ODS. It can easily oxidize DBT to the hexavalent sulfur of DBT sulfones, and the sulfones can be easily removed by conventional separation to obtain ultra-low-sulfur diesel. Currently, studies on the direct catalytic oxidation of DBT by DBD plasma in liquid fuel oil are rarely reported. LIU et al. investigated plasma ODS of mixed organic sulfides in the liquid phase, however, harsh reaction conditions (−85
• C, 120 Pa) were required [15] . The present study aims at exploring an ODS method of liquid hydrocarbon fuels, which is more energyefficient, cost-effective and environment-friendly compared with conventional methods. This ODS method combines a catalytic oxidation step with DBD plasma in the presence of air plus an extraction step with the oxidation-treated fuel put over ionic liquid (IL) [BMIM]FeCl 4 . The potential advantages of this novel ODS method include the usage of air as an oxidant, which is readily available, cheap and suitable for onboard or on-site desulfurization applications. The method uses no peroxides and aqueous solutions, and thus does not involve the biphasic oil-aqueous solution system, which can significantly simplify the process and reduce the loss of fuel in liquid-liquid phase separation.
Experimental section

Materials and reagents
Diperiodatocuprate(III) was synthesized following the procedure mentioned in the literature [20] . A study showed a similar method of [Bmim]FeCl 4 preparation [21] . DBT, BT, 4, 6-DMDBT and [Bmim]Cl were obtained from J&K Chemical Ltd. The other reagents were purchased from commercial suppliers and used without further purification.
Experiment device
A schematic of the DBD system is shown in Fig. 1 . Air, after passing a mass flow meter, was fed into a thick-wall transparent quartz glass tube, which was used as a DBD reactor with a diameter of 20 mm and a length of 100 mm. The DBD power is supplied by Nanjing Suman Electronics Co., Ltd. The discharge gap between the needle electrode and the broad electrode measures 3 mm, and a copper hypodermic needle 3 mm in diameter was used as the discharge electrode located at the center of the cylindrical reactor. The voltage, current, and frequency of the reactor were measured by using a digital storage oscilloscope (TDS 3054B; Tektronix).
Experimental method
Model diesel was prepared by dissolving DBT, BT or 4, 6-DMDBT in n-octane with sulfur content of 200 µg/mL. Oxidative desulfurization experiments were conducted in a 25 mL two-necked round-bottom flask. The required amount of catalysts and ILs were added into the reactor, and the model oil was injected. Then the plasma power supply was switched on, the transformer was regulated to the preset voltage, and the mixture was stirred at room temperature. After the reaction, the upper clear solution was withdrawn and analyzed by a WK-2D microcoulometric analyzer.
The removal rates of sulfides are calculated by the following equation:
Here C 0 is the initial concentration of sulfides in the n-octane solution, and C t is the sulfide concentration of the oil phase after a reaction for t min.
3 Results and discussion
The characteristic of current versus voltage of DBD reactor
As shown in Fig. 2 , the current increased with the applied voltage, but the current was very low because there were few free charges in air. Once the voltage reached 5 kV, large numbers of electrons were produced by ionization, and the current started to rise rapidly with little increase of the voltage. However, the current became unstable as the applied voltage increased further. Spark discharge could be observed if the voltage was too high, which would enhance the electric resistance of the system and cause the current to decrease. 
Effect of different desulfurization systems on DBT removal
Four different desulfurization systems were used in isolation or combination in this experiment: extraction, extraction-catalysis, oxidation, extraction-catalytic oxidation. The results are presented in Table 1 . DBT achieved a 44.2% S removal rate when [Bmim]FeCl 4 was used as the extraction solvent for the model oil. In extraction-catalytic oxidation, the sulfur removal rate increased to 60.5%. DBT reached only a 12% S removal rate when only DBD oxidation was used. When the catalyst, DBD and [Bmim]FeCl 4 were used together, the catalyst was dissolved in these ILs, and the S removal rate of DBT increased sharply (97.5%). These results indicate that the catalytic oxidation desulfurization system composed of [Bmim]FeCl 4 , DBD and diperiodatocuprate(III) was superior to any simple extraction with IL or oxidation and extraction. 
Effect of sulfur compounds
To investigate the desulfurization performance of catalytic oxidation desulfurization for different sulfur compounds, extraction with catalytic oxidation of three sulfur compounds such as BT, DBT and 4, 6-DMDBT was conducted under the same condition. The results are plotted in Fig. 3 . The S removal rates of DBT, BT and 4, 6-DMDBT after 30 min were 97.5%, 65.9% and 89.8%, respectively. Oxidation reactivity markedly decreased as follows: DBT>4, 6-DMDBT > BT; the relatively large differences in the S removal rates may be due to electron density. Among BT, DBT and 4, 6-DMDBT, electron density on the sulfur atom of BT was significantly lower than those of DBT and 4, 6-DMDBT, thus, BT exhibited the lowest reactivity. For DBT and 4, 6-DMDBT, a slight difference in sulfur electron density led to the dominant influence of steric hindrance on reactivity. 4, 6-DMDBT had two methyl groups, as well as higher steric hindrance. Thus, DBT reactivity was higher than 4, 6-DMDBT.
Effect of different solvents on S removal
All ILs formed a biphasic system with the model oil at room temperature. The effects of different ILs on the oxidative desulfurization capacity of the model diesel (DBT, 200 ppm) are presented in Fig. 4 Experimental conditions: W =1.25 wt%, v=240 mL/min, U =18 kV, f =79 kHz, V model oil /VIL=4 : 1, t=20 min, T = 25
• C (color online)
Effect of IL/oil volume ratio on S removal of DBT
To study the effects of the amount of extractants on S removal, the extraction of DBT in n-octane under different IL/oil volume ratios was conducted at 30
• C. As indicated in Fig. 5 , the amount of IL significantly influences the desulfurization system, and the desulfurization efficiency of DBT increases sharply with the increase in the volume ratio of the model oil to the IL. As this volume ratio increased from 1 : 8 to 3 : 4, the DBT conversion rate in the model oil (200 ppm) increased from 90.7% to 97.8%. The extraction equilibrium is achieved within 10 min. Thus, to achieve a higher extraction capacity and low sulfur level, V model oil /V IL =4 : 1 should be selected as an optimal IL/oil volume ratio. • C, t=10 min
Effect of catalyst quantity on S removal of DBT
To investigate the effect of the amount of the catalyst diperiodatocuprate(III) on the oxidative properties, the weight ratio of n-octane to the catalyst was varied under the same reaction conditions, as presented in Table 2 . The results indicate that S removal remarkably decreased from 98.2% to 62.4% within the range of 1.8 wt% to 0.25 wt%. In the extraction and catalytic oxidative desulfurization system, S removal increased with the increase in catalyst dosage. This experiment clearly demonstrates that the catalyst dosage is a main factor influencing the reaction activity. Up to 1.2 wt% diperiodatocuprate(III) was selected as an optimal match for the system in subsequent runs. 
3.7 Effect of discharge time on S removal of DBT Fig. 6 presents the S removal rates with different discharge times. The S removal rate sharply increased with the increase in discharge time and then stabilized after 10 min. When the needle-to-plate distance remained unchanged, the electrons accumulated more energy and bombarded the sulfide molecules rapidly. More intensified bombardment certainly irradiated more ·OH, ·H, ·O, ·HO 2 that oxidized more sulfides to sulfones. Plasma discharge can simultaneously produce heat energy within the reactor with extending discharge time, and high temperature can accelerate the reaction process with oxidation O 3 decomposition. These two effects result in changes of desulfurization rate. When the discharge time is 10 min, the ionization rate is higher than the ozone decomposition rate, and the maximum desulfurization rate achieved is 93.6%. 
Effect of air flow rate on S removal of DBT
Various air flow rates were adopted for the DBD reactor to examine their effects on diesel desulfurization. The effect of air flow rate on the oxidative desulfurization capacity of the model diesel (DBT, 200 ppm) is shown in Fig. 7 . Increasing the gas flow rate from 50 mL/min to 90 mL/min significantly increases the S removal of DBT. However, a further increase in air flow rates decreases the desulfurization rate. When the air flow rate is 60 mL/min, the S removal of DBT is up to 97.5%. The reason may be that more gas molecules can pass through the DBD reactor when the gas flow rate increases, and these molecules break down by collision with energetic electrons within the same time span. Moreover, the time required for the gas molecules to reach the reactor vessel is reduced with a higher gas flow rate, resulting in more reactive species that react with sulfides within their lifetime. 
Effect of discharge voltage on S removal of DBT
The discharge voltage directly affects the production of activated species (·OH, ·H, ·O, ·HO 2 , O 2− , H 2 O 2 , O 3 , etc.) and thus is considered one of the most important parameters for desulfurization. In the present study, discharge voltage levels were set at 14 kV, 16 kV, 18 kV, 20 kV and 22 kV. Fig. 8 shows the effect of discharge voltage on oxidative desulfurization capacity of the model diesel (DBT, 200 ppm). The maximum S removal was achieved at 16 kV. The results demonstrate that at the same discharge voltage (16 kV), DBT conversion increased from 42% to 97.5% when the input frequency increased from 400 Hz to 790 Hz. After 790 Hz, this value exhibited a tendency to stabilize. The particle motion amplitude is inversely proportional to the input frequency in the electric field, that is, the amplitude decreases with the increase in frequency, which consequently increases the discharge -repetition rate. With the rise in frequency, the energy from the power supply to the reaction system increases, the number of high-energy electrons and active particles increases, thus improving the desulfurization rate. When the input frequency was 790 Hz, the desulfurization rate reached 97.5%, thus, 790 Hz was selected in the experiment.
Recycling [BMIM]FeCl 4 in the desulfurization of the model oil
Recycling the plasma/air catalytic system for [Bmim]FeCl 4 containing diperiodatocuprate(III) was investigated in DBT removal in the model oil (Table 3) . When the first run was completed, the reaction system remained a biphasic system. The oil could be easily isolated from the biphasic system of the IL. The IL was reused without further treatment, and the results indicated that the IL could be recycled four times with a minimal decrease in activity. 
Conclusions
A novel oxidative desulfurization of liquid hydrocarbon fuels was explored to study the extraction-catalytic oxidation system with diperiodatocuprate(III) as the catalyst. In the presence of DBD, air as the oxygen resource and [Bmim]FeCl 4 as the extraction solvent were investigated for the removal of DBT, BT and 4, 6-DMDBT from the model oil. The S removal from DBT containing the model oil in [Bmim]FeCl 4 reached 97.5%. The IL could be recycled four times with a slight decrease in activity. Thus, the present extractioncatalytic oxidation system can be developed into a simple, efficient, and environment-friendly method for deep desulfurization.
